We present a modification of the preon model proposed independently by Shupe and Harari. A basic dynamics is developed by treating the binding of preons as topological in nature and identifying the substructure of quarks, leptons and gauge bosons with elements of the braid group B 3 . Topological considerations and a straightforward set of assumptions lead directly to behaviour consistent with much of the known phenomenology of the Standard Model. The preons of this model may be viewed as composite in nature, and composed of sub-preons, representing exactly two levels of substructure within quarks and leptons.
Introduction
The Standard Model (SM) provides an extremely succesful and simple means of classifying and understanding the physical processes which fill the Universe. However the existence of many seemingly arbitrary features hints at a more fundamental physical theory from which the SM arises. Considering the successful series of ideas leading through molecules, to atoms, nuclei, nucleons, and quarks, it was perhaps inevitable that a model based on compositeness of quarks and leptons would be developed. The first such was proposed by Pati and Salam [1] in 1974, however it lacked any real explanatory power. Pati and Salam gave the name preons to their hypothetical constituent particles, and this name was gradually adopted to refer to the sub-quark/sub-lepton particles of any model. Other notable preon models were developed by several authors (e.g. [2] ), but it is the so-called Rishon Model, proposed simultaneously by Harari and Shupe [3, 4] which will be of most interest to us here. In Harari's more commonly quoted terminology, this model involves just two kinds of 'rishons', one carrying an electric charge of +e/3 where −e is the charge on the electron, the other neutral. The rishons combine into triplets, with the two "three-of-a-kind" triplets being interpreted as the ν e and e + , and the permutations of triplets with an "odd-man-out" being interpreted as the different colours of quarks. Equivalent combinations can be formed from the anti-rishons to create the remaining fermions and anti-fermions, such as the e − and ν e . Certain combinations of rishons and anti-rishons were also suggested to correspond with gauge bosons. The rishon model accounts for many aspects of the SM, including the precise ratios of lepton and quark electric charges, and the correspondence between fractional electric charge and colour charge. Unfortunately, as originally proposed it also had several problems, including the lack of a dynamical framework, and the lack of an explanation as to why the ordering of rishons within triplets should matter. A charge called "hypercolour" was proposed to solve these problems [5] , however this reduced the simplicity of the original model, yielding little obvious advantage over the SM. This letter presents a pedagogical description of our ideas, which are a modification of the original rishon model (without hypercolour), in preparation for a more precise mathematical formulation in subsequent work.
The Helon model
It is convenient to represent the most fundamental objects in our model by twists through ±π in a ribbon. Just like Tweedle-dum and Tweedle-dee [6] , these basic right-handed and left-handed twists are the mirror images of each other, so let us denote a twist through π as a "dum", and a twist through −π as a "dee" (U and E) for short. Generically we shall call these twists "tweedles" [7] . We hope to deduce the properties of quarks and leptons and their interactions from the behaviour of their constituent tweedles, and to do so we shall employ a set of assumptions that govern their behaviour: 1) Unordered pairing: Tweedles combine in pairs, so that their total twist is 0 modulo 2π, and the ordering of tweedles within a pair is unimportant. The three possible combinations of UU, EE, and UE ≡ EU can be represented as ribbons bearing twists through the angles +2π, −2π, and 0 respectively. A twist through ±2π is interpreted as an electric charge of ±e/3, and hence electric charge is viewed as a purely topological property. We shall refer to such pairs of tweedles as helons (evoking their helical structure) and denote the three types of helons by H + , H − , and H 0 . 2) Helons bind into triplets: Helons are bound into triplets by a mecha-nism which we represent as the tops of each strand being connected to each other, and the bottoms of each strand being similarly connected. A triplet of helons may split in half, in which case a new connection forms at the top or bottom of each resulting triplet. The reverse process may also occur when two triplets merge to form one triplet, in which case the connection at the top of one triplet and the bottom of the other triplet "annihilate" each other. The arrangement of three helons joined at the top and bottom is equivalent to two parallel disks connected by a triplet of strands. In the simplest case, such an arrangement is invariant under rotations through angles of 2π/3, making it impossible to distinguish the strands without arbitrarily labelling or colouring them. However nothing forbids us from weaving the three strands over and under each other, forming a braid. The three strands can then be distinguished by their relative crossings. We will argue below that braided triplets represent fermions, while unbraided triplets represent gauge bosons.
3) No charge mixing: When constructing braided triplets, we will not allow H + and H − helons in the same triplet. H + and H 0 mixing, and H − and H 0 mixing are allowed. 4) Integer charge: All unbraided triplets must carry integer electric charge. Assumption 1) is unique to the helon model, as it reflects the composite nature of helons, however assumptions 2), 3) and 4) are merely restatements in a different context of assumptions that Shupe and Harari made in their work. We will require one further assumption, however it will be left until later, as it can be better understood in the proper context. In terms of the number of particles, the helon model is more economical than even the rishon model, albeit at the cost of allowing helons to be composite. This seems a reasonable price to pay, as the tweedles are extremely simple, being defined by only a single property (i.e. whether they twist through +π or −π). We are therefore proposing exactly two levels of substructure within quarks and leptons. The helon model also improves on the original rishon model by explaining why the ordering of helons (which are analogous to rishons) should matter. There are three permutations of any triplet with a single "odd-man-out". Without braiding we cannot distinguish these permutations, by the rotational invariance argument above. However if we allow braiding the strands (and hence permutations) become distinct. We may associate these permutations with the three colour charges of QCD, just as was done in the rishon model, and write the helons in ordered triplets for convenience. The possible combinations and their equivalent fermions are as follows (subscripts denote quark colour):
Note that in this scheme we have created neutrinos, but not anti-neutrinos. This has occurred because the H 0 helon is its own anti-particle. This apparent problem will be turned to our advantage in section 3. It is also worth noting that three helons seems to be the minimum number from which a stable, non-trivial structure can be formed. By stable, we mean that a physical representation of a braid on three strands (e.g. made from strips of fabric) cannot in general be smoothly deformed into a simpler structure. By contrast, such a physical model with only two strands can always be untwisted. Note that we have not ascribed any of the usual quantum numbers (such as mass or spin 1 ) to the helons. It is our expectation that spin, mass, hypercharge and other quantities emerge dynamically, just like electric charge, as we arrange helons into more complex patterns.
Phenomenology of the helon model
A braid on n strands is said to be an element of the braid group B n . Given any element of B n , it is also possible to create a corresponding anti-braid, which is the top-to-bottom mirror image of that braid, and is also an element of B n (it is therefore merely a matter of convention what we call a braid or an antibraid). If we join the strands of a braid with those of its top-to-bottom mirror image (i.e. we take the braid product [8] ) we obtain a structure which can be deformed into the trivial braid. Conversely, if the strands of a trivial braid are crossed so as to form a braid, an anti-braid must also be formed. Thus if we let N B be the number of braids and N B be the number of anti-braids, N Total B = N B −N B is conserved in splitting and joining operations. These properties are reminiscent of the relationship between particles and anti-particles, and so it is natural to use the top-to-bottom mirroring of braids as a model for particle-anti-particle interchange, or C inversion. In addition, given any element of B n , its left-to-right mirror image may be formed. We will call these the left-handed and right-handed forms of a braid. It seems natural to equate these with particles and anti-particles having positive and negative helicity. From the discussion above, all fermions and their anti-particles are represented by braids which are elements of B 3 . Let us construct the first-generation fermions with positive charge as shown on the right of Figure 1 (we are using a basic braid, like that used to plait hair, for illustrative purposes, however an arbitrary number of crossings is possible). This yields the positron, up quark, anti-down quark, and anti-neutrino. Now let us construct the negatively-charged fermions by taking the top-to-bottom mirror images of the positively charged fermions. We have constructed the pos- itively charged fermions by adding positive charges (dees) to a right-handed braid, and their anti-particles by adding negative charges (dums) to a lefthanded anti-braid. This decision was of course completely arbitrary. We can also add dees to a left-handed braid and dums to a right-handed anti-braid. If we do this, we create all the possible charge-carrying braids in two different handedness states exactly once, but following the same procedure for the uncharged braids (i.e. neutrinos and anti-neutrinos) would mean duplicating them, since this second pair of neutral leptons is identical to the first pair, rotated through ±π. In other words, to avoid double-counting we can only construct the (anti-)neutrino in a (right-)left-handed form, while all the other fermions come in both left-and right-handed forms. This pleasing result is a direct consequence of the fact that we construct the neutrino and antineutrino from the same sub-components (by contrast the rishon model used neutral rishons for the ν e and neutral anti-rishons for the ν e ). Having constructed the quarks and leptons, we now turn our attention to their interactions via the electroweak and colour forces. The Electroweak Interaction We shall begin by constructing the bosons of the electroweak interaction, γ, W + , W − , and Z 0 . The W + and W − may be regarded as a triplet of H + s and a triplet of H − s respectively. We can create neutral bosons from a triplet of similar helons in two ways. One is as a triplet of untwisted helons, the other as a triplet of "counter-twisted" helons (that is, each helon carries explicit left-handed and right-handed twists). We shall claim that the former is the photon, the latter is the Z 0 , and the fact that we can deform an untwisted helon into a counter-twisted helon, and vice-versa, accounts for the Weinberg mixing between the Z 0 and the photon 2 . What sets bosons apart from fermions (i.e. so that a γ is distinct from a neutrino, and a W ± is distinct from an e ± ) is that the strand permutation induced by the braid that forms a boson is the identity permutation. The simplest braid that fulfills this criterion is the trivial braid, as in Fig. 2 . All interactions between helons can be viewed as cutting or joining operations, in which twists (tweedles) may be exchanged between helons. These operations define a basic vertex for helon interactions. The basic vertices of the electroweak interaction can be constructed from three of these basic helon vertices occurring in parallel (Figure 3) . So far we have considered the fermions of the first generation. We can represent higher generation fermions by allowing the three helons to cross in more complicated patterns. Thus all fermions may be viewed as a basic neutrino "framework" to which electric charges are added, and the structure of this framework determines to which generation a given fermion belongs. If, say, a muon emits charge in the form of a W − boson, the emission of this (trivially braided) boson does not affect the fermion's braiding structure. Therefore the muon loses charge but does not change generation, and must transform into a muon-neutrino. Likewise, tau-neutrinos must be "loyal" to tau particles and electron-neutrinos must be loyal to electrons. This explains the existence of weak isospin doublets for leptons. A similar argument applies to quarks, although the mechanism by which the Cabibbo angles become non-zero is not immediately apparent. Notice that since W ± bosons carry three like charges, such processes will change quark flavour but not colour. Conservation of lepton and baryon number As we noted earlier braids are conserved, that is, braids and anti-braids are created and destroyed together, from trivial braids (i.e. bosons). This allows for pair annihilation and creation of fermions within the helon model. Let x and y represent triplets of helons, and let N B (x) and N B (y) be, respectively, the number of braids composed of the triplet x and anti-braids composed of the triplet y (e.g. N B (H − H − H − ) is the number of anti-braids composed of three H − helons), then (neglecting quarks for the moment);
and so conservation of braids implies conservation of lepton number. This argument can easily be refined to account for the seperate conservation of electron number, muon number, and tau number. A similar argument applies to quarks and baryon number. The Colour Interaction We have thus far described electroweak interactions as splitting and joining operations on braids. We may similarly represent colour interactions physically, this time as the formation of a "pancake stack" of braids. Each set of strands that lie one-above-the-other can be regarded as a "super-strand", with a total charge equal to the sum of the charges on each of its component strands. If we represent braids as permutation matrices, with each non-zero component being a helon, we can easily represent the colour interaction between fermions as the sum of the corresponding matrices. For instance a blue up quark, and an anti-blue anti-up combining to form a neutral pion could be represented as
where
Hadrons can therefore be regarded as a kind of superposition of quarks. We can now introduce our last assumption. 5) Charge equality:When two or more braids are stacked, they must combine to produce the same total charge on all three super-strands. It is obvious that leptons trivially fulfill this criterion, and will therefore not partake of the colour interaction. The reader may verify that quarks will naturally form groupings with integer electric charge, which are colour-neutral, for example three quarks forming a proton:
In QCD there are eight gluons, which each carry a colour and an anti-colour. Two of these gluons are superpositions of like colour/anti-colour states, while the remaining six are pure unlike colour/anti-colour pairings. While it is diffi-cult to visualise a superposition, the six "pure" (i.e. off-diagonal) gluons can be understood as the permutations of one H + , one H 0 , and one H − . Gravity and the origin of mass It is natural to hope that as well as the electroweak and colour forces, the helon model can explain gravity. In this arena we will only speculate briefly, by noting that the helons within a fermion are represented as crossing each other to form structures which are elements of B 3 . Similarly, when a helon is twisted, its left and right edges cross each other, forming an object equivalent to an element of B 2 . Therefore twisting (which corresponds with electric charge) and braiding are fundamentally the same process. Since neutrinos are the least massive fermions, and more complex braiding patterns correspond with higher generations (and hence greater mass) we propose that, roughly speaking, the more non-trivial the crossings in a fermion's substructure, the greater its mass. The equivalence of inertial and gravitational mass leads us to expect that gravity may have a similar origin. It is worth noting that recent research [9, 10] independently suggests a mechanism whereby electric charge gives rise to inertial mass. A precise formula for fermion bare masses -and possibly boson masses -based on these aspects of internal structure would be highly desirable. However the nature of gravitation and mass within the helon model may be unconventional, and will probably remain speculative for the moment, since our construction of the gauge bosons of the SM exhausted the possibilities for colourless electrically neutral bosons without constructing a helon triplet that corresponds to the Higgs boson or the graviton. Clearly much more work is needed before these issues can be addressed in any definitive manner.
Discussion
In this letter we have proposed an extremely simple description of the particles and interactions of the standard model. Our model differs from previous preon models in that we have chosen to describe fermion and boson properties not in terms of fundamental properties of the preons themselves, but in the interrelations between the preons (this was the idea behind Harari and Shupe's original explanation of colour charge, but we have applied the idea more broadly). We have presented a model based on a bare minimum of components, namely a single species of initially massless "particle", a single "crossing" operation, and a "splitting/joining" process. From these we were able to reproduce closely the electroweak and colour interactions, and suggest a direction for future work on the origin of mass and gravity. We have seen why the ordering of preons should matter. We have shown that baryon number (of quarks, not hadrons) and lepton number should be conserved in all weak interactions, that charged fermions come in two varieties of handedness, while neutrinos come in only one, and that neutrinos of a given generation will only interact directly with leptons of the same generation. By representing the braided substructures of fermions and bosons as permutation matrices, we represented colour interactions as matrix addition. The electroweak interactions similarly behave as matrix multiplication. This point shall be taken up in more detail in further work, currently in preparation, as will the interpretation of quantities like hypercharge Y , in terms of the helon substructure of quarks and leptons. These are significant results, but they leave a number of open questions. Foremost among these is the question of just what physical process (if any) the twisting and braiding of helons represents. Further investigation is required to see whether the helon model is consistent with all observed particle interactions, and whether it predicts interactions that are not observed. Much more work on the origin of gravity, and a formula for fermion masses, is needed. Such a formula could form the basis for a quantitative description of preon dynamics, something which has hindered research into preons for decades. These and related issues are sure to determine the directions of future research.
